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We present genuine bulk Ir 5d jeff states of layered perovskite iridates obtained by hard-x-ray
photoemission spectroscopy (HAXPES) with s- and p-polarized lights. HAXPES spectra of Sr2IrO4
and Ba2IrO4 are well reproduced by the quasi-particle densities of states calculated by the local den-
sity approximation with dynamical mean-field theory (LDA+DMFT). It is demonstrated that the
insulating nature of the iridates is triggered by antiferromagnetic correlation (Slater type) combined
with electron correlation (Mott type). The extremely-low-energy bulk-sensitive photoemission spec-
troscopy reveals “bad metallic” states in the paramagnetic phase of the iridates, suggesting strongly
renormalized metallic states above the Ne´el temperature as predicted by the LDA+DMFT.
PACS numbers: 79.60.-i, 71.70.Ej, 71.20.-b
Mott physics, which explains the insulating nature in
materials triggered by strong electron correlations, has
been vigorously studied for several decades from both
experimental and theoretical points of view.1 Owing to
these efforts, new mechanisms for the metal-insulator
transition (MIT) were proposed in some “Mott” systems,
for instance, orbital switching for VO2 and the essen-
tial role of antiferromagnetic (AF) correlation effects for
La2CuO4.
2,3
Layered perovskite iridates A2IrO4 (A=Sr, Ba) have
an insulating state, the origin of which was mysterious in
the early stage of the research.4 Detailed spectroscopic
and theoretical studies recently demonstrated Sr2IrO4
to be a spin-orbit(SO)-driven Mott insulator.5 Accord-
ing to that scenario, the electronic structure near the
Fermi level (EF ) is characterized by Kramers-doublet
Ir 5d jeff=1/2 states, which are eigenstates of the SO-
hamiltonian within the t2g subspace. For the iridate
with five 5d electrons, the lower jeff=3/2 bands are fully
occupied and the higher half-filled jeff=1/2 band split
into the upper and lower Hubbard bands due to the
relatively weak on-site Coulomb interaction (U). This
simple picture has been widely accepted since the re-
sults of experiments, such as optical conductivity spectra,
seemed to be well explained.5,6 In addition, the results
of angle-resolved ultraviolet photoemission spectroscopy
were well reproduced by the local density approxima-
tion (LDA)+U+SO band structure calculations.5 For 5d
transition-metal systems, however, the nature of atom-
band duality, which is a characteristic feature of heavy
elements, makes the interpretation of optical conductiv-
ity spectra complicated.7 In addition, we point out here
that the photoemission spectra excited by several tens-
eV photons are strongly affected by the surface electronic
structures modified by stronger electron correlation ef-
fect on the surface than in the bulk even for quasi two-
dimensional compounds.8,9
Recently, the LDA study with dynamical mean-field
theory (LDA+DMFT) pointed out that both Sr2IrO4
and Ba2IrO4 should be classified as Slater insulators, in
which the AF correlation mainly contributed to realize
the insulating states in these materials rather than the
electron correlation.10,11 Then, the time-resolved optical
experiment revealed in Sr2IrO4 two different characteris-
tic behaviors, each of which could be explained by Slater
or Mott physics.12
In this paper, we focus on the layered perovskite iri-
dates Sr2IrO4 and Ba2IrO4 which have comparable Ne´el
temperature TN (≃ 250 K and 240 K) but different crys-
tal symmetries (I41/acd and I4/mmm ).
13,14 It is an
intriguing problem whether both iridates have a com-
mon insulating nature or not. Detailed information
2on their bulk electronic structures facilitates discussions
about not only Mott and Slater physics but also a pos-
sibility of superconductivity, attracting a wide general
interest.15,16 In order to provide much deeper insight
into the nature of the SO-induced insulating states, we
have carried out soft-x-ray and hard-x-ray photoemis-
sion spectroscopy (SXPES and HAXPES) in the pho-
ton energy (hν) ranges of 400-1200 eV and 6-8 keV,
respectively. HAXPES reveals genuine bulk jeff states
owing to the large photoionization cross section (σ) of
Ir 5d states17 and the long inelastic mean-free path
(λmp) of detected photoelectrons.
18,19 These findings are
compared to the results of the LDA+DMFT calcula-
tions.10 Furthermore, the extremely-low-energy photoe-
mission spectroscopy (ELEPES) has been performed to
reveal the bulk electronic states in the vicinity of EF .
ELEPES demonstrates that both Sr2IrO4 and Ba2IrO4
have “bad metallic” states above TN as predicted by the
calculations.
HAXPES was performed at the long-undulator beam-
line BL19LXU in SPring-820 with the MB Scientific
A-1 HE spectrometer for Sr2IrO4 and at the undu-
lator beamline P09 in Petra III at DESY21 with the
SPECS PHOIBOS 225 HV spectrometer for Ba2IrO4.
SXPES was carried out at the twin-helical undulator
beamline BL25SU in SPring-8 using the GAMMADATA-
SCIENTA SES-200 spectrometer.22 The undulators in
the SX and HAX beamlines produce circularly and lin-
early polarized lights, respectively. ELEPES experiments
were performed with the MB Scientific T-1 xenon dis-
charge lamp23,24 and the A-1 spectrometer at Konan Uni-
versity. Inverse photoemission spectroscopy (IPES) was
performed in HiSOR at Hiroshima University.25 For all
the measurements, polycrystalline samples were used.14
Clean surfaces were obtained by fracturing samples in
situ in UHV (≤2×10−7 Pa for HAXPES, ≤3×10−8 Pa
for SXPES, XAS, ELEPES, and IPES). The total en-
ergy resolution (∆E) of each experiment was estimated
by the Fermi edge of gold.
Figure 1(a) shows valence-band PES spectra of Sr2IrO4
at three different hνs. Both Ir 5d and O 2p states have
large spectral weight in the SXPES spectrum measured
at hν=450 eV since the σs of these states are compa-
rable (σIr5d5/σ(O2p6)4 ≃ 0.6) and larger than those of
other states. In contrast, HAXPES spectrum measured
at hν ≃ 8000 eV originates mainly from the Ir 5d states
due to the much larger σ than those of other states, for
instance, σIr5d5/σ(O2p6)4 ≃ 80. Therefore, by comparing
these spectra, one can conclude that a large peak at the
binding energy (EB) of 3.4 eV(denoted as A), and two
small peaks located at 10.3 eV(B) and 12.5 eV(C) con-
tain strong O 2p components. They are derived from the
O 2p non-bonding states (A) and Ir 5d eg− O 2p bonding
states (B and C), respectively. The HAXPES spectrum
has a two-peak structure in which the lower- and higher-
EB peaks (at EB ≃ 1 eV and 6 eV) originate from the
Ir 5d jeff− O 2p antibonding states and bonding states,
respectively.
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FIG. 1: (Color online) (a)Valence-band SXPES and
HAXPES spectra of Sr2IrO4. (b)Valence-band HAXPES
spectra of Sr2IrO4 and Ba2IrO4 after subtracting Shirley-
type backgrounds. Both spectra were obtained for p-
polarized lights. (c)Polarization-dependent HAXPES spectra
of Sr2IrO4. (d)Schematic illustrations of experimental setups
for HAXPES.
We note that the photoelectron emission utilizing lin-
early polarized light has angular distributions depending
on the orbital symmetry of electrons. In the HAXPES ex-
periments for Sr2IrO4 two different configurations with p
and s polarizations (the degrees of the linear polarization
PLs are +0.98 and -0.8,
26 respectively) were employed as
illustrated in Fig. 1(d).27 One can expect to suppress the
spectral weight derived mainly from s states in the spec-
trum measured with the s-polarized light. Meanwhile,
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FIG. 2: (Color online) Valence-band HAXPES spectra in
jeff states of Sr2IrO4 and Ba2IrO4. (a)Calculated spectra for
both AFI (solid line) and PI (dashed line) phases are shown,
which are broadened by Gaussian and Lorentzian functions
representing the experimental energy-resolution and lifetime
effects. Finite temperature effect around EF is also consid-
ered. (b)IPES spectra measured for the kinetic energy of
incident electrons, EK=50 eV at T=300 K (above TN) are
added (indicated by solid circles). Calculated spectra of both
jeff=3/2 (dashed line) and 1/2 (solid line with hatches) states
for the AFI phase are also shown separately. All the experi-
mental spectra are normalized by the area under the curves
after subtracting Shirley-type backgrounds(see Fig. 1(b)).
the value of σIr5d5/σ(O2p6)4 for the s-polarized light is
smaller (∼20 at hν =8 keV in BL19LXU) than that for
the p-polarized light (∼ 80 at hν =8 keV in BL19LXU
and ∼ 90 at hν =6 keV in P09).28 As can be seen in
Fig. 1(c), the reduction of the spectral weight associated
with the polarization change (p→ s) has never been ob-
served in the jeff anti-bonding bands (0 ≤ EB ≤∼ 3 eV),
clearly indicating that the contribution of any s states are
negligibly small in this EB region. Hereafter, we discuss
the bulk Ir 5d jeff electronic structures based on the re-
sults of the HAXPES with the p-polarized light because
of the highest σ ratio of Ir 5d to O 2p states.
Now one can directly compare the HAXPES spectra
representing genuine bulk jeff states with the results of
the LDA+DMFT calculations for iridates. Details of the
In
te
ns
ity
 (a
rb
. u
nit
s)
0.1 0
EB
3/2
 (eV3/2)
0
(b)
Sr2IrO4
hv=8.44 eV
T=300 K
In
te
ns
ity
 (a
rb
. u
nit
s)
200 100 0 -100 -200
Binding energy (meV)
0
0
0
0
(a) hv=8.44 eV
T=300 K
Sr2RhO4
(T=14 K)
Sr2IrO4
Ba2IrO4
Au
FIG. 3: (Color online) (a) ELEPES spectra of Sr2IrO4 and
Ba2IrO4 near EF at T=300 K (above TN ). The ELEPES
spectrum of metallic Sr2RhO4 at T=14 K is also shown as a
reference. (b) The ELEPES spectrum of Sr2IrO4 divided by
Femi-Dirac distribution function. The spectrum is plotted as
a function of (binding energy)3/2+ constant.
calculation method have been reported elsewhere.10 Fig-
ure 2(a) shows the HAXPES spectra in the jeff states.
The LDA+DMFT spectra calculated for the antiferro-
magnetic insulating (AFI) ground states (U=1.96 eV for
Sr2IrO4 and 1.6 eV for Ba2IrO4) and the paramagnetic
insulating (PI) states (U=2.4 eV for Sr2IrO4 and 1.8 eV
for Ba2IrO4) are also shown in Fig. 2(a). The calculated
spectra of Sr2IrO4 and Ba2IrO4 for the PI phase (indi-
cated by dotted lines, with larger U values than the crit-
ical value Uc for Mott transition) can not reproduce the
experimental spectra at all in the vicinity of EF . There-
fore, the insulating nature of both iridates can never
be described by the simple Mott picture. Meanwhile,
the calculated spectra for the AFI phase of Sr2IrO4 and
Ba2IrO4 qualitatively reproduce the experimental spec-
tra, supporting the “Slater-dominant” transition scenario
for these compounds.10,29
We note that the DMFT study strongly overestimated
their TNs (810 K for Sr2IrO4 and 690 K for Ba2IrO4)
without thought of both intersite fluctuations and in-
teractions between crystal layers. While the HAXPES
spectra were measured at T=100 K (140-150 K below
the real TN and this difference is defined as ∆TPES),
the LDA+DMFT spectra of Sr2IrO4 and Ba2IrO4 in
Fig. 2(a) were calculated for T=580 K (230 and 110 K
below the calculated TNs, respectively, and these differ-
ences are defined as ∆TDMFT). The larger discrepancy
between ∆TPES and ∆TDMFT in Sr2IrO4 yields less agree-
ment between the experimental and theoretical spectra
than in Ba2IrO4 in the empirical point of view.
4The Slater picture provides a metallic nature above
TN unlike the Mott picture. In general, the gap opens
far above TN in Mott systems.
30 In order to investigate
the spectral behavior near EF , the ELEPES spectra have
been measured at T=300 K for Sr2IrO4 and Ba2IrO4.
According to the “universal” curve between λmp in solids
and the photoelectron kinetic energy,32 photoelectrons
excited by Xe Iα light are able to provide the informa-
tion on the bulk far from the surface.33–35 The bulk sen-
sitivity in ELEPES is, however, known to depend on in-
dividual material systems, or in other words, on the di-
electric function, band structures, and partial density of
states (PDOS) near EF .
36–38 The low PDOSs near EF
is thought to realize the enhanced λmp at hν=8.4 eV
(Xe Iα).38 Figure 3 (a) shows the ELEPES spectrum of
Sr2RhO4 which has a clear Fermi cutoff. This indicates
that ELEPES has a longer probing depth than low-hν
SXPES, in which the Fermi cutoff is unclear, in this sys-
tem and can reveal the bulk electronic structure. It would
be reasonable that one can expect higher bulk sensitivity
for Sr2IrO4 because of less conduction electrons.
38
Figure 3 (a) shows the ELEPES spectra of Sr2IrO4
and Ba2IrO4 at T=300 K, that is, above TN .
39 Although
the σ of Ir 5d states is much smaller than that of O 2p
states (σIr5d5/σ(O2p6)4 ≃ 0.06) at hν=8.4 eV, the spec-
tral weight near EF is visible. Significantly weak intensi-
ties at EF and no Fermi cutoff were observed unlike the
gold, suggesting “bad metallic” states in the paramag-
netic phase. This is consistent with the results of IPES
at T=300 K, in which the spectra have finite intensi-
ties at EF (see Fig. 2(b)). The spectra of both iridates
have some spectral weight in the optical “Mott” gap of
200 meV below EF .
6,40 According to the LDA+DMFT
results, the energy gap is closed above TN due to the
strongly renormalized quasi-particle spectral weight at
EF .
The ELEPES spectra of Sr2IrO4 follow a 3/2 power
law in the range from EF to EB ≃ 0.3 eV as shown in
Fig. 3(b). The 3/2 power-law behavior was also observed
in other iridates, such as ferromagnetic BaIrO3 and weak-
ferromagnetic Y2Ir2O7, which was explained as a result
of a dominant contribution of ferromagnetic magnons to
the electron excitation.41,42 A recent resonant inelastic
x-ray scattering study revealed AF linear dispersion of
magnons in Sr2IrO4,
40 indicating that one could observe
some features derived from the AF magnon excitation
rather than the ferromagnetic one. In contrast, the spec-
tra of Ba2IrO4 have never followed the power low (not
shown here). It is inferred that the spectral shape in
ELEPES is affected by the unoccupied density of states
and matrix element effects as well as electron correla-
tions in the final state unlike in the high-energy PES.
Although the origin of the different behaviors between
these iridates remains to be clarified, it is probably as-
sociated with the unoccupied Sr 4d and Ba 5d bands (at
∼ 8 eV above EF ), crystal symmetries, and the rotation
of IrO6 octahedrons.
In conclusion, the HAXPES experiments have revealed
the bulk insulating nature of the layered perovskite iri-
dates Sr2IrO4 and Ba2IrO4. The simple Mott picture
cannot reproduce the overall valence band spectral fea-
tures. ELEPES demonstrated both Sr2IrO4 and Ba2IrO4
have “bad metallic” states in the paramagnetic phase,
suggesting strongly renormalized metallic states above
the Ne´el temperature as predicted by the LDA+DMFT
calculations.
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